Abstract Differences in redox homeostatic control between cancer patients may underlie predisposition to drug resistance and toxicities. To evaluate interindividual differences in redox response among newly diagnosed breast cancer patients undergoing standard chemotherapy, urine samples were collected before (T0), and at 1 (T1) and 24 h (T24) after chemotherapy administration. Oxidative status was assessed by urinary levels of allantoin and four F2-isoprostanes, quantified by LC-MS/MS. In all subjects, biomarker levels increased at T1 and returned to baseline at T24. Analyzing individual responses, two patterns were revealed: 10 subjects showed uniform increases of biomarker levels at T1 (''increase'' pattern) and 8 subjects showed mixed (increase/unchanged/decrease) responses for different biomarkers (''mixed'' pattern). The increase-pattern group had lower pre-treatment (T0) levels of the biomarkers and showed a sharp increase at T1 (64-141%) with a subsequent decrease at T24. The mixed-pattern group had higher pre-treatment biomarker levels and showed no change in biomarkers either at T1 or at T24. These findings indicate that there may be at least two distinct redox phenotypes with different homeostatic mechanisms balancing oxidative stress in humans. Recognizing redox phenotypes in human populations may lead to more precise assessment of health risks and benefits associated with individual redox make-up, and may also help to identify cancer patients who are especially susceptible to drug resistance and/or drug toxicity.
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Introduction
The major barriers to effective cancer treatment are drug resistance and treatment-induced toxicity [1] . As both of these phenomena have been related to cellular redox (reduction/oxidation) balance [1] , it is plausible that differences in redox homeostatic control play an important role in cancer patients' susceptibility to drug resistance and toxicities. To examine this hypothesis, it is first necessary to identify measurable variables that reflect individual differences in redox homeostatic control. One such variable may be systemic oxidative status measured by biomarkers [2] .
Variations of systemic oxidative status in human populations are widely recognized [2, 3] . These variations can be explained by the existing concept that major redox homeostatic mechanisms involve antioxidant defense [4, 5] ; that is, according to the concept, humans differ in their oxidative status due to varying ability of their antioxidant system to balance generation of reactive oxygen/ nitrogen species (ROS/RNS) by normal metabolism and/or by oxidative exposures. Another implication of this concept is that lower systemic oxidative status (reflected by lower levels of biomarkers) signifies efficient antioxidant defense and robust redox homeostasis. Conversely, individuals with greater oxidative status should have more fragile redox balance and, therefore, experience a more pronounced oxidative swing when exposed to an oxidative challenge.
We previously demonstrated that systemic oxidative status measured by five urinary biomarkers increases in response to chemotherapy administration; specifically, in a group of breast cancer patients undergoing standard adjuvant chemotherapy, the levels of urinary allantoin and four F2-isoprostanes increased at 1 h and returned to pre-treatment levels at 24 h after chemotherapy administration [6] . To explore differences in response between individuals, we hypothesized that cancer patients with higher pre-treatment oxidative status would have a more oxidative internal environment (due to a lower antioxidant defense capacity) and, therefore, would show a greater increase in biomarkers at 1 h after chemotherapy administration.
Materials and methods

Study subjects
We recruited 23 women with newly diagnosed breast cancer scheduled to undergo standard chemotherapy (Doxorubicin 60 mg/m 2 , Cyclophosphamide 600 mg/m 2 9 4 cycles). The recruitment process and eligibility criteria are described elsewhere [6, 7] . The study protocol was approved by the Duke University Medical Center Institutional Review Board.
Urine samples
Urine samples were collected from participants at three time points: immediately before treatment (T0), and at 1 h (T1) and 24 h (T24) after treatment. Samples were stored at -80°C.
Laboratory measurements
All laboratory measurements have been previously described [6, 8] . Four isomers of F2-isoprostanes-iPF(2 alpha)-III; iPF(2 alpha)-VI; 8,12-iso-iPF(2 alpha)-VI; and 2,3-dinor-iPF(2 alpha)-III-were quantified by liquid chromatography-tandem mass spectrometry (LC-MS/MS) on Shimadzu 20A series LC and Applied Biosystems API 4000 QTrap MS/MS instruments [6] . Allantoin was quantified using ultra performance liquid chromatographytandem mass spectrometry (UPLC-MS/MS) with an Acquity UPLC system and TQD triple quadrupole mass spectrometer equipped with an ESI source (Waters Corporation, Milford, MA) [6] . Creatinine was assayed by a fast ESI-MS/MS method [6] .
Other variables
Data on age, tumor stage, estrogen and progesterone receptor status, height, and weight were obtained from medical records. Data on supplement intake were collected via questionnaire.
Statistical analysis
The descriptive analyses examined correlations in baseline biomarker levels and patient characteristics, using the Wilcoxon test. The analysis of response to oxidative challenge was carried out in three stages. First, we evaluated changes in the mean levels of the biomarkers at the three time points using general linear models that allowed us to control for the covariance structure. As the adjustment for age and other characteristics did not change our estimates, our final models include only the time effect. Second, to examine whether the response at T1 differed between individuals, we considered the T1-T0 change in each biomarker for each person. Variation within 15% (i.e., [-15%]-[? 15%]) was categorized as ''no change,'' and a change in either direction greater than 15% was categorized either as ''increase'' or as ''decrease.'' Finally, we classified the pattern of overall response as either an ''increase'' pattern or a ''mixed'' pattern and assessed correlations between baseline biomarker levels and the patterns of response, using the Wilcoxon test and logistic regression. In the logistic regression models, the likelihood of the ''mixed'' versus ''increase'' pattern was modeled as an outcome, and the odds ratios were scaled to the standard deviation of each biomarker at baseline.
Results
The final analysis included 18 subjects for whom all biomarker measurements at T0, T1, and T24 were available ( Table 1) . The study population included women from 18 to 63 years of age distributed across all three conventional obesity categories. Most were Caucasian and had been diagnosed with stage I or II breast cancer; five were negative for both estrogen and progesterone receptors (ER negative/PR negative); and seven reported taking antioxidants and/or vitamin and mineral complexes. Pre-treatment levels of the five urinary biomarkers did not correlate with these patient characteristics (not shown).
When all 18 subjects were evaluated as one group, the mean levels for all biomarkers increased at T1 (Fig. 1a , All). After categorizing change in biomarker levels at T1 for each participant, however, we found two distinct patterns of response to chemotherapy at T1 (Fig. 1b) . Ten participants had an increase in at least four biomarkers and no decrease in any of the biomarkers (''increase'' pattern). The other eight participants showed different combinations of biomarker response, including increased levels, no change, or decreased levels (''mixed'' pattern). None of the participants' characteristics were associated with the response pattern (not shown), except initial pre-treatment oxidative status (Table 2) .
Within each pattern of response, we compared the mean biomarker levels at T1 and T24 with the pre-treatment levels (T0) (Fig. 1a) . Within the ''increase'' group, mean levels of all five biomarkers increased at T1 between 64 and 141% (P \ 0.05), with a subsequent reduction at T24 (P [ 0.3). There were no significant changes in biomarker levels (either T1-T0 or T24-T0) within the ''mixed'' group (P [ 0.3). Although we expected to observe sharper increases in biomarker levels in individuals with higher initial levels of oxidative status, the ''increase'' group had lower pre-treatment levels of four out of five biomarkers (Table 2) , whereas the ''mixed'' pattern was associated with higher T0 levels of four biomarkers.
Discussion
Our findings confirm that oxidative status may define how individuals respond to oxidative stressors, although the observed association operated in the opposite direction to our original hypothesis. Our expectation that an oxidative challenge would cause a greater increase in biomarker levels in the group with initially high oxidative status was based on the dual assumptions: that higher systemic oxidative status reflects lower antioxidant capacity and that antioxidant defense presents the main force in restoring redox balance [2, 5] . However, we found a stronger response to chemotherapy-induced oxidative stress among individuals with lower pre-treatment oxidative status. Individuals with higher pre-treatment oxidative status as a group showed either no response at T1 [allantoin, iPF(2 alpha)-III, and 2,3-dinor-iPF(2 alpha)-III] or small increases that were not statistically significant [iPF(2 alpha)-VI and 8,12-iso-iPF(2 alpha)-VI].
One explanation for this counterintuitive finding is offered by the hypothesis that different redox homeostatic mechanisms are responsible for the two observed response patterns. The ''increase'' pattern can be explained by the conventional concept of antioxidant defense [5] , which postulates that an initial increase of ROS mobilizes antioxidant response to restore redox balance. Two of our earlier reported findings support this explanation [7] . Both exogenous and endogenous antioxidants (plasma tocopherols and glutathione levels in erythrocytes, respectively) showed a statistically significant increase (glutathione) or decrease (tocopherols) in their levels 24 h after chemotherapy administration; no statistically significant changes in antioxidant levels were observed at T1. This indicates that antioxidant defense was mobilized within 24 h after the oxidative challenge but was not fully working at T1, suggesting a complementary dynamic between antioxidants and oxidative status markers. In the ''mixed'' group, four subjects showed a greater than 15% decrease in the levels of three biomarkers (Fig. 1b) . Even if we postulate that no change in biomarker levels reflects a strong antioxidant reserve, this does not explain the simultaneous decrease of three biomarkers. Instead, biomarker decreases suggest that something in 
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A Changes in the biomarkers' levels within subgroups Fig. 1 a Mean levels of biomarkers within the groups with different response patterns and in all participants; error bars present standard error; P-values for the comparisons of mean levels at T1 and T24 with T0 are derived from the generalized linear models. b Changes in biomarkers' levels at T1 classified as Increase ([15% increase), Decrease ([15% decrease), or no change (±15%) compared to T0 addition to antioxidant defense is capable of regulating redox homeostasis. We therefore speculate that redox balance can be restored not only by enhancement of antioxidant defenses but also by reduction in ROS production. Homeostatic redox control of mitochondrial ROS generation is one possible mechanism, where ROS generation is proportional to transmembrane potential and is downregulated by proton leak [9, 10] . Regulation of the Nox family of NADPH oxidases, the sole function of which is ROS generation [11] , offers another axis for redox control. The evidence that ROS generation by mitochondria and NADPH oxidases is integrated by redox homeostasis corroborates these assumptions [12] [13] [14] [15] . Finally, several functional polymorphisms in the Nox family have been identified, suggesting different phenotypic responses to oxidative stress when Nox enzymes are involved [11] .
To further explain the intriguing correlation between high oxidative status and the ''mixed'' pattern, a plausible mechanistic link between redox characteristics may reside within the signaling network of the AMP-activated protein kinase (AMPK) and the peroxisome proliferator-activated receptor-c coactivator-1a (PGC-1-a) [16, 17] . Activation of AMPK/PGC-1-a signaling pathways increases mitochondrial metabolism with a pronounced rise in fat oxidation and (probably as a defense from increased ROS generation) proton leak; in many instances proton leak is upregulated through induction of uncoupling proteins (UCPs) [18] [19] [20] [21] . Moreover, increased fat oxidation, as suggested elsewhere [22] , raises systemic oxidative status, connecting high oxidative status to active AMPK/PGC-1-a signaling and proton leak upregulation. Where the mechanism for proton leak is in place, individuals should experience greater protection from oxidative stress through a quick reduction of mitochondrial ROS generation [9, 10] . Besides UCP expression, the PGC-1 family of transcription coactivators also induces antioxidant enzymes, such as manganese superoxide dismutase, peroxiredoxins 3 and 5, thioredoxin 2, thioredoxin reductase 2, glutaredoxin 2a, and glutathione peroxidase 4 [17, 23, 24] . If indeed the ''mixed'' pattern is at least partially determined by AMPK/PGC-1-a signaling, such relationships highlight the likelihood that increased oxidative status (in the absence of exposure to a stressor) does not signify a low antioxidant capacity. Supporting this assumption, no correlation was found between antioxidant indices and the urinary biomarkers of oxidative damage [6, 7] .
In summary, the two response patterns observed in our study (Fig. 1b) suggest that at least two protection mechanisms may be operating-induction of antioxidant defense and downregulation of mitochondrial ROS generation. Which mechanism dominates may be determined by an individual's oxidative status, the set point of the inner redox environment. We speculate that among individuals with lower oxidative status, the contribution of antioxidant defense is larger, whereas the contribution of ROS downregulation is greater among those with higher oxidative status. Recognizing these distinct redox phenotypes, characterized by levels of systemic oxidative status and corresponding reactions to oxidative stressors, represents an important step in understanding the role of redox biology in human health. Capturing phenotypic differences may provide an avenue for further physiological and genotypic comparisons leading to more precise assessment of health risks and benefits associated with individual redox make-up.
Our study also raises the important and plausible question of whether redox phenotypes relate to chemotherapy resistance and susceptibility to toxicity. Although the limited sample size and available data precluded a full-scale analysis, our study allowed for preliminary exploration of the hypothesis that neutropenia (\2 9 10 9 neutrophils count, registered C2 times during treatment) is associated with response pattern. The finding that the ''increase'' pattern was associated with neutropenia (OR = 6.5, P = 0.1) provides some support for the hypothesized connection between redox phenotypes and treatment-related toxicities. This association may be explained by the different time scales of redox restoration within the two response patterns. Whereas induction of antioxidant defense within the ''increase'' pattern takes hours or days, swift reduction of oxidative stress by ROS downregulation (''mixed'' pattern) may protect normal tissues from oxidative damage faster, lowering individuals' susceptibility to chemotherapy toxicity. A handful of other studies also have linked ROS downregulation to cancer treatment outcomes. For example, activation of AMPK/ PGC-1-a pathways increased cancer cell sensitivity to chemotherapeutic cytotoxicity, thereby reducing drug resistance [16, 25] , and the functional polymorphisms of NADPH oxidases have been shown to increase the risk of doxorubicin-related cardiotoxicity [26] and decrease eventfree survival in non-Hodgkin's lymphoma [27] . Alternatively, patients with initially high systemic oxidative status may have developed adaptive responses to oxidative stress; such adaptive responses have been shown to result in drug resistance [28] [29] [30] [31] . From this perspective, investigation of redox phenotypes not only addresses an interesting scientific question but may help to identify the subpopulation of cancer patients who are especially susceptible to drug resistance and/or drug toxicity.
